Abstract -An improved model of copper p-type doping in CdTe absorbers is proposed that accounts for the mechanisms related to tightly bound Cu(i)-Cu(Cd) and Cd(i)-Cu(Cd) complexes that both limit diffusion and cause self-compensation of Cu species. The new model explains apparent discrepancy between DFT-calculated and fitted diffusion parameters of Cu reported in our previous work, and allows for better understanding of performance and metastabilities in CdTe PV devices.
I. INTRODUCTION
Thin-film CdTe PV technology is one of the leading candidates for cost-effective photovoltaics as their efficiencies exceeded 21.5% recently [1] . The open-circuit voltage (V OC ), which is one of the key performance parameters of solar cells, is a strong function of the doping concentration in the absorber layer and still has room for improvement in the CdTe thin-film technology. Hence, better understanding of mechanism behind doping formation and its metastabilities in CdTe is a must. When introduced in the pure CdTe crystal, Cu forms multiple species including interstitial donors (Cu i ), substitutional acceptors on Cd site (Cu Cd ) and tightly-bounded complexes such as Cu i -Cu Cd and Cd i -Cu Cd . Resulting amount of uncompensated acceptor impurities could be orders of magnitude smaller than the total atomic Cu concentrations [2] . The atomic Cu concentration profiles can be measured using secondary ion mass spectrometry (SIMS) technique, but the concentrations of different Cu-related species generally cannot be characterized directly. Thus, gaining a better understanding of mechanisms that govern formation and interactions between Cu-related defects is of crucial importance for further advancement of the CdTe photovoltaics.
In the past, Cu migration in CdTe has been treated as a pure diffusion process of Cu atoms without separating the different Cu-related defects [3] , [4] . Recently, we have reported a much improved one-dimensional (1D) diffusion-reaction simulation scheme [5] that accounts for drift, diffusion and reactions of Cu i , Cu Cd , Cd i and V Cd and resulted in good matching between experimental and simulated Cu profiles in single-crystalline (sx-) CdTe. In that previous work, we found a strong apparent discrepancy between the fitted and DFT-calculated diffusion activation energies of interstitial species [6] . We attributed this to the fact that release of interstitials was not treated properly in the simulations [7] .
In this work, we present expanded diffusion-reaction model that accounts for the formation and dissociation of tightlybound complexes such as Cu i -Cu Cd and Cd i -Cu Cd . The described model, equipped with DFT-calculated parameters [6] , was used to simulate the evolution of Cu in sx-CdTe during annealing and cooling processes. Atomic and free carrier concentration profiles obtained in the simulations show sufficiently good agreement with the experimental data, which improves our confidence in understanding the mechanism related to the formation and self-compensation of Cu doping in CdTe solar cells.
II. DIFFUSION-REACTION MODEL
The developed 1D Unified Solver solves diffusion-reaction equations for both free carriers and point defects in the timespace domain self-consistently with the global 1D Poisson equation. The diffusion-reaction equation for a species X is of the form of
Comparing to our previous work, the major advance here is the use of the augmented system of defects and their corresponding reactions employed to better describe Cu's migration in CdTe:
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In other words, instead of using direct reactions, the presence of complexes as intermediate states has been accounted for, so that the release of interstitials from complexes can be treated as independent reactions. As an example, the dissociation rate of Cu i -Cu Cd complex in Eq. (3) can be calculated as:
Here, K 32 , the temperature-dependent reaction constant, is calculated by using Eq. (5) where υ is the attempting frequency of particle hopping, υ, and E A is the reaction barrier energy.
The reaction barrier energy E A , depends upon the strain energy and the Coulomb binding energy, is calculated using First Principle approach, (see Fig. 1 ). The detailed derivation of other reaction constants and solution technique for the simulator can be found in Refs. [7] , [8] .
III. SIMULATION RESULTS AND DISCUSSION

Fig. 2 shows four Cu profiles in ZnTe:Cu/sx-CdTe structures annealed at 300
o C for four different annealing times. Details of the experimental set up is reported previously [7] . These experimental SIMS data were matched using the augmented model that takes into account complexes described in Section II above.
As the new model limited the possibility of interstitials being released from complexes, larger diffusivities could be employed for the interstitials without alternating the atomic Cu profiles. With proper energy barrier selected for interstitials leaving complexes, good matching between experiments and simulations is achieved even when using diffusivities in the same range as the DFT values (see Table I for more details). Simulated profiles are represented as solid lines in Fig. 2 . More importantly, the selected energy barrier 
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a ED here is the energy of the diffusion barriers illustrated in Fig. 1 . Fig. 3 . Simulated profiles of major Cu-related defects in the sample after cooling process. 978-1-5090-5605-7/17/$31.00 ©2017 IEEE for interstitials to leave complexes (in this case 0.6 and 0.65eV for Cd i and Cu i , respectively), lies closely to the 0.71eV barrier calculated by DFT value presented in Fig. 1 .
In the previous work, as no intermediate reaction products were involved in the theoretical model, the compensation of Cu dopants was achieved between Cu i (+) and Cu Cd (-) at room temperature. The augmented model from this work allows for a different compensation mechanism for Cu doping in CdTe. Now, the major compensation is achieved between Cd iCu Cd (+) and Cu Cd (-). Fig. 3 shows the detailed defects distribution in one of the "annealed" samples at room temperature: the total Cu concentration remained around 10 17 cm -3 in the saturation region while the holes density stays below 2×10 15 cm -3 . The augmented model also allows us to simulate higher Cu concentration in CdTe devices. Fig. 4 shows the comparison between simulated Cu profiles from sxCdTe solar cells and measured profiles from poly-crystalline (px-) CdTe devices annealed for 240 seconds with Cu source deposited at different temperatures [9] . Fig. 5 compares the free carriers from all simulated samples and measured devices. The simulation results for the free carrier density is found to be one order of magnitude larger than the free carrier concentration derived from Capacitance-Voltage (CV) measurement results. Such difference could be caused by the lack of donor-dominated grain boundaries in our theoretical model as these are 1D simulations. Also, treating Cu i -Cu Cd complex as donors could help to reduce such difference. As such, further investigation of defect properties and twodimensional (2D) simulation that accounts for grain boundary effects are required to explain these discrepancies.
IV. CONCLUSION
In summary, we have investigated the effect of tightlybounded complexes in our self-consistent 1D numerical solver. Good agreement on the atomic concentration profiles of Cu in CdTe was achieved between simulation and experiment. Preliminary simulation results suggest possible explanations for compensation mechanisms of Cu doping inside CdTe. Complicated 2D simulation frame that includes effects of grain boundaries and accurate defect parameters could help to further reduce the presented discrepancies.
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